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1. Introduction 


Allium plants, especially garlic (Allium sativum), have been cultivated since thousands of 
years all over the world not only as spicy food but also as medicinal plant. According to 
Block, the garlic plant was for the first time referred to in an Egyptian medical papyrus 1550 
BC. In this Codex Ebers, 22 formulas of garlic were specified for the treatment of various 
disorders including heart problems, headache, bites, parasites and even tumors (Block, 
1985). Today, the therapeutic value of garlic and other Allium vegetables is confirmed by 
multiple epidemiological and experimental studies. Especially prevention of cardiovascular 
diseases has been attributed to regular garlic consumption (Galeone et al., 2009; Kris- 
Etherton et al., 2002; Rahman & Lowe, 2006). Moreover, cholesterol lowering, hypoglycemic, 
immune-stimulatory, anti-microbial and even anti-cancer properties have been reported for 
garlic compounds (Agarwal, 1996; Amagase et al., 2001; Balkwill & Mantovani, 2001; Borrelli 
et al., 2007; Goncagul & Ayaz, 2010; Kalra et al., 2006). Epidemiological studies clearly show 
the correlation between moderate garlic intake and a low cancer incidence (Galeone et al., 
2006; Kim, J.Y. & Kwon, 2009; Salem et al., 2011). A case-control study conducted in the 
1980s in Italy revealed for example that people living in high-risk areas for gastric cancer 
consumed less garlic compared to people in low-risk regions where stomach and colon 
cancers were three times less frequent (Buiatti et al., 1989). The health beneficial effects of 
garlic and other Allium species make this plant family an extremely interesting research 
topic. 


2. Bioactive chemicals and formulations from Allium vegetables 


It appears that the biological activities of Allium plants are primarily attributed to organo- 
sulfur compounds (OSCs) (Bianchini & Vainio, 2001; Herman-Antosiewicz et al., 2007a; 
Jacob, 2006; Kalra et al., 2006; Powolny & Singh, 2008). Garlic and other Allium plants 
contain the highest amount of sulfur compounds described for common vegetables. In 1844, 
Wertheim provided evidence that OSCs are also causing the characteristic pungent garlic 
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odor (Lanzotti, 2006; Wertheim, 1844). Other pharmacologically interesting ingredients of 
Allium vegetables, on which we will not focus here, include sapogenins, saponins and 
flavonoids, the latter being mainly present in onion (Miean & Mohamed, 2001). Allixin and 
organo-selenium compounds also contribute to some biological effects (Corzo-Martinez M., 
2007). It has been proposed that these non-sulfur compounds act together with the OSCs in 
a synergistic manner (Amagase, 2006). The composition of OSCs differs depending on the 
Allium species (Nencini et al., 2007), plant cultivation or storage conditions and processing 
methods (Verma S.K., 2008). Some OSCs are absent in the bulbs and require mechanical 
exposure like cutting, crushing or chewing to be formed. According to Verma et al., whole 
garlic bulbs contain 16 OSCs versus 23 OSCs after crushing (Verma S.K., 2008). In other 
reports 33 OSCs are reported in fresh garlic (Kalra et al., 2006). The cytoplasm of intact 
cloves contains biologically inactive y-glutamylcysteine and S-alk(en)ylcysteinesulfoxides 
[(S-allylcysteinesulfoxide (alliin; 85%), S-methylcysteinesulfoxides (methiin; 10%) and S- 
trans-1-propenylcysteinesulfoxides (isoalliin; 5%) (Verma S.K., 2008)] that serve as 
precursors of volatile thiosulfinates (Kamel A., 2000; Lanzotti, 2006). y-glutamylcysteine is 
hydrolysed and oxidized to S-alk(en)ylcysteinesulfoxides, mainly alliin (Corzo-Martinez M., 
2007) or transformed into S-allylcysteine (SAC) by the action of y-glutamy] transpeptidase. 
The latter reaction occurs in particular during wintering and sprouting of the garlic plant in 
order to ensure the production of sufficient alliin and isoalliin (Verma S.K., 2008). SAC can 
be oxidized to alliin (Kamel A., 2000; Lanzotti, 2006), which is then enzymatically 
transformed to diallylthiosulfinate (allicin) following the slicing of garlic cloves. This 
reaction is catalyzed by alliinase (also alliin lyase), an enzyme normally stored inside 
cytoplasmic microcompartments and released only after mechanical crushing (Weiner et al., 
2009). Allylsulfenic acid, which is produced as short-lived intermediate, undergoes a 
spontaneous condensation reaction yielding allicin together with pyruvic acid and 
ammonium. Alliinase transforms cysteinesulfoxides to thiosulfinates in less than 60 seconds. 
The conversion of alliin to allicin is particularly rapid because enzyme and substrate appear 
in equal high amounts within the cell (Verma S.K., 2008). Due to their high instability, the 
volatile thiosulfinates are degraded within 24 hours into “second generation products” like 
oil-soluble mono-, di- and triallylsulfides (DAS, DADS, DATS) as well as vinyldithiins, 
thioacroleines and ajoene (Amagase, 2006; Kamel A., 2000; Munchberg et al., 2007), which 
still possess considerable biological activities and thus possibly represent the actual active 
compounds (Freeman F., 1995; Kamel A., 2000). Figure 1 summarizes the most important 
garlic-derived OSCs and their synthesis. 


Higher polysulfides with four (DATTS) or more sulfur atoms are formed at higher 
temperatures (Lanzotti, 2006). According to data of Block reviewed by Kamel and Saleh, 
vinyldithiins are formed by dimerization of two thioacrolein molecules that arise from ß- 
elimination of allicin whereas the generation of ajoenes is based on an initial S-thioallylation 
reaction of allicin (Block E., 1984; Kamel A., 2000). Further transformation leads to the 
formation of polysulfides that are present in multiple garlic preparations in substantial 
amounts and are comparatively stable. The most common allylsulfides are DAS, DADS, 
DATS and DATTS. Higher polysulfides up to heptasulfides are found less frequently and in 
low concentrations. Additional sulfur species can be generated from the interaction with 
intracellular thiols (cysteine, glutathione (GSH) or proteins) (Kalra et al., 2006; Weisberger & 
Pensky, 1958). Thus, S-allylmercaptocysteine (SAMC) arises from allicin whereas a similar 
reaction between DAS and cysteine gives rise to allylmercaptan (AM) (Kalra et al., 2006). 
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Fig. 1. Overview of the generation of different OSCs in garlic cloves 
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The different garlic formulations that are on the market vary significantly in their chemical 
composition. In view of clinical trials it is important to know about the components 
contained in diverse garlic preparations in order to correctly interpret the results. The most 
common garlic formulations include aqueous extract, garlic powder, garlic oil, oil macerate 
and aged garlic extract (AGE). For the aqueous extract garlic cloves are steeped in purified 
water. The primary compound in this extract is allicin (or alliin if alliinase is inactivated due 
to heating of the garlic extract). Further OSCs are allylmethylthiosulfonate, 1- 
propenylallylthiosulfonate and y-glutamyl-S-alkylcysteine (Verma S.K., 2008). Garlic 
powder is produced by dehydration of crushed garlic cloves followed by pulverization. 
Thus, the composition of OSCs of the obtained powder is theoretically expected to 
correspond to the raw cloves. Nevertheless, the content of alliin (the major sulfur compound 
in raw and powdered garlic) and allicin varies considerably. Even if alliinase activity is 
comparable to fresh garlic, more than half of the alliin is lost during the dehydration 
process. Allicin is high in fresh garlic cloves, whereas the dehydrated powder is almost free 
of allicin, which might be explained by its instability (Amagase et al., 2001). Two types of 
garlic oil are generally synthesized: steam distilled oil or oil macerate. Garlic oil prepared by 
steam distillation of whole garlic cloves, ground in water, is completely free of hydrophilic 
OSCs and allicin (Amagase et al., 2001). According to Verma et al. it contains 57% 
diallylsulfides (DADS 26%, DATS 19%, DATTS 8% and lower concentrations of penta- and 
hexasulfides) in addition to 37% allylmethyl- and 6% dimethyl mono- to hexasulfides 
(Verma S.K., 2008). The available oil macerate products, consisting of mixtures of chopped 
garlic cloves homogenized and macerated in vegetable oil, are rich in allicin-derived OSCs 
including vinyldithiins, ajoenes and sulfides (Staba et al., 2001). Higher concentrations of 
dithiins and ajoenes are present in essential oil obtained by garlic extracted in organic 
solvents (Verma S.K., 2008). Another garlic preparation frequently used in in vivo studies or 
clinical trials is AGE. In contrast to aqueous extract, this extract prepared from sliced garlic 
cloves is aged for up to 20 months in a 15-20% ethanol solution. This aging process leads to a 
massive loss of allicin whereas water-soluble compounds like SAC and SAMC, which are 
odorless and stable, are enriched. AGE further contains some amounts of oil-soluble OSCs 
(Amagase et al., 2001). 


3. Chemical properties of OSCs 
3.1 Relevance of sulfur atoms for the reactivity of OSCs 


The complex chemistry of garlic is believed to confer the plant anti-microbial activity as self- 
defense mechanism (Schneider, T. et al., 2011b). Chemical properties of the various OSCs 
strongly rely on the presence of highly reactive sulfur atoms, which exert multiple reactions 
including nucleophilic substitutions or redox reactions (Jacob, 2006; Munchberg et al., 2007). 
In line with the importance of sulfur, recent reports provided evidence that the biological 
activity of polysulfides directly correlates with their number of sulfur atoms, even if this 
relationship is not linear (Anwar et al., 2008). Thus, we found DATTS being the most active 
diallylsulfide in inducing apoptosis in U937 lymphoma cells, followed by DATS, whereas 
DAS and DADS instead were rather inactive (Cerella et al., 2009). Similarly, DATTS showed 
the highest antibiotic activity against Staphylococcus aureus (Tsao & Yin, 2001). The general 
trend seems to be that DAS is hardly active, DADS shows some activity, which is strongly 
increased in polysulfides with three or four sulfur atoms. Instead, five or more sulfur atoms 
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do not improve the reactivity of polysulfides significantly and the pentasulfide had for 
example effects on yeast comparable to DATTS (Jirousek L., 1956). Munchberg et al. explain 
these differences as follows. DADS is more active than DAS due to its oxidizing activity and 
the ability to generate thiols. The strong gain of activity of DAT(T)S might result from their 
reaction products, e.g. perthiols (RSSH). Even if perthiol formation is elevated for 
polysufides with four to six sulfur atoms, no further improvement of activity can be 
observed for the penta- and hexasulfides because of their declined stability (Munchberg et 
al., 2007). 


3.2 Interaction with intracellular thiols 


The most remarkable property of OSCs, especially reported for allicin and to some lesser 
extent for allylsulfides, is their reactivity towards intracellular thiols such as cysteine, GSH 
or proteins (Kalra et al., 2006; Weisberger & Pensky, 1958). These thiolation reactions give 
not only rise to the formation of further sulfur species, as mentioned above. More crucially, 
they lead to the inactivation of the affected proteins/ enzymes (Weisberger & Pensky, 1958) 
and thus importantly interfere with cellular functions. Allicin is known to interact rapidly 
with thiol groups leading to the formation of S-allyl derivatives. Thus, the antibiotic activity 
of allicin has been suggested to be a consequence of its interaction with cysteine residues of 
different peptides and proteins of the target cell finally inducing cell death (Munchberg et 
al., 2007). Rabinkov et al. studied the chemical interaction between allicin and L-cysteine (as 
-SH carrier) and identified SAMC as the reaction product via RP-HPLC and subsequent 1H 
and 8C NMR analysis (Rabinkov et al., 1998). They further investigated the interaction of 
allicin with thiol-containing enzymes and found a very rapid inactivation of papain and two 
alcohol dehydrogenases, from which NAD+-dependent alcohol dehydrogenase from horse 
liver was even irreversibly inactivated (Rabinkov et al., 1998). 


An exchange reaction between a thiol (R’SH) and a polysulfide (RSxR) will lead to the 
formation of a mixed sulfide (RSxR’) and a perthiol (RSSH) or other RSxH species 
(Munchberg et al., 2007). In the case of a tetrasulfide, two possible sites for a nucleophilic 
attack exist (at the central or the two terminal S-S bonds). Even if the formation of a 
trisulfide and perthiol seems to be the favored reaction, one cannot exclude that in addition 
disulfide (RSSR’) and hydrogentrisulfide (RSSSH) generation takes place (Munchberg et al., 
2007). For DATS, it is well documented that it targets specific cysteine residues within 
tubulin monomers (Hosono et al., 2008) thereby modulating tubulin conformation (Jordan et 
al., 1998) and consequently disturbing the microtubule (MT) network (Hosono et al., 2008). 
Hosono et al. suggested a mechanism by which DATS activates a thiol-disulfide exchange 
reaction through directly interacting with the thiol moiety of the cysteines C12 and C354 of 
B-tubulin. Finally, DATS binds covalently to tubulin via formation of SAMC-modifications 
(Hosono et al., 2005). A similar mode of action has also been reported for SAMC (Xiao et al., 
2003). Li et al. likewise described an inhibitory effect of Z-ajoene on tubulin polymerization 
in vitro (Arora & Shukla, 2002). As it has been demonstrated that ajoene induces a rapid 
decrease of GSH (Scharfenberg et al., 1994), one may speculate that this OSC acts in a similar 
manner by directly targeting thiols. Such thiolation reactions on tubulin affect the formation 
of normal spindle microtubules during mitosis and thus trigger the induction of a cell cycle 
arrest (see Section 5.2). Accordingly, many studies showed that N-acetyl-cysteine (NAC), 
which is commonly used as antioxidant, counteracted the biological effects of OSCs (Wu, 
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X.J. et al., 2009; Xiao et al., 2005) (see Sections 5.2 and 5.5.3). The ability of NAC to increase 
the intracellular thiol pool has to be considered, which might quench the OSCs and thus 
prevent their interaction with thiol groups of potential target molecules. It is worth to 
mention that RSxH species arising from these thiolation reactions of polysulfides might also 
contribute to their biological activity as these hydrothiols are highly reactive and can for 
example act by reactive oxygen species (ROS) generation and as ligands for transition metal 
ions (Munchberg et al., 2007). Additional possible biochemical reactions related to 
polysulfides are reviewed by Munchberg 2007 in detail and include homolytic S-S cleavage, 
Sx transfer reactions and hydrophobic interactions with membranes and proteins 
(Munchberg et al., 2007). Antioxidant effects and metal binding ability are two further 
properties of OSCs that significantly contribute to their chemopreventive and 
chemotherapeutic activity and will be therefore discussed later on (see Section 5.3). 


4. Chemopreventive/-therapeutic potentials of A/lium-derived OSCs 
4.1 Chemoprevention 
4.1.1 Epidemiological studies 


The endemic abundance of the Allium species contributes to their worldwide consumption 
and availability. The procedures to extract active natural occurring molecules or to 
synthetize them de novo in large amounts require relative low cost. Besides, the millenary 
use of these plants for dietary purposes ensures that the derived active natural compounds 
possess low or null systemic toxicity. All these considerations make the clinical exploitation 
of such derivatives/extracts of these plants an attractive and favorable strategy for 
chemopreventive and therapeutic purposes. Under this view, many epidemiological studies 
have been first conducted to scientifically validate the multi-beneficial effects on health 
(Scherer et al., 2010). Several interesting reviews give a critical overview of epidemiological 
studies examining correlations between the intake of Allium derivatives, in form of 
vegetables or supplements, and the chemoprotection from cardiovascular diseases, diabetes, 
cholesterol level alterations, gallstone formation and specific chronic inflammatory diseases. 
Here, we focus our attention on the studies dealing with the potential anti-cancer properties 
of Allium derivatives, taking into account the current lack of anti-cancer chemopreventive 
agents, on one hand, and the continuous demand of new targeted anti-cancer therapeutics, 
on the other hand. 


From various case-control studies, it emerges that cancers affecting the digestive tract and 
the prostate appear as the most impacted ones. A number of studies investigated any 
inverse correlations between the consumption of Allium species and the incidence of cancers 
affecting the esophageal and stomach tract. These studies have been performed on 
geographical areas located in different continents as in Asia (China (Takezaki et al., 1999; 
You et al., 1989) and Japan (Gao et al., 1999)), Europe (Italy (Pelucchi et al., 2009) and 
Netherlands (Dorant et al., 1996)), or America (Venezuela (Munoz et al., 2001), Uruguay (De 
Stefani et al., 2001) and Hawaii (Hirohata & Kono, 1997)). Overall, a protective effect was 
reported, despite the obvious genetic variance existing among the populations examined in 
the different studies. Similarly, a reduced cancer risk has been widely documented in the 
instance of colorectal and prostate (Galeone et al., 2006; Hsing et al., 2002) (Fleischauer et al., 
2000) forms of cancer. A limited number of studies explored the impact of a regular intake of 
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Allium vegetable on the incidence of cancers affecting breast, endometrium and lungs 
(Challier et al., 1998; Galeone et al., 2009; Satia et al., 2009). In many instances, inverse 
correlations have been also reported. Remarkably, amongst the human malignancies, 
gastric, colorectal and prostate cancers are the best characterized and documented ones for 
their multiple pre-neoplastic stages. This aspect provides additional tools to evaluate the 
impact of natural occurring compounds specifically on tumor progression. Accordingly, a 
regular consumption of garlic has been associated with the reduction in the incidence of pre- 
neoplastic lesions occurring in the gastric mucosa of individuals infected by Helicobacter 
pylori (You et al., 1998). In parallel, studies analyzing the preventive effect of garlic extracts 
on colorectal cancer have evidenced their suppressive potential on the development and 
progression of colorectal adenomas (Tanaka et al., 2004; Tanaka et al., 2006). A population- 
based study analyzing the impact of a diet rich in Allium vegetables on the incidence of 
prostate cancer showed that the anti-cancer effects were more pronounced in men 
presenting localized rather than advanced forms (Hsing et al., 2002), thus implying major 
effects of Allium derivatives on pre-neoplastic steps. 


The many published epidemiological studies seem to encourage large-scale and long-term 
clinical trials with Allium derivatives. Meta-analyses, however, have not always supported 
the same conclusions. A representative example is a study published in 2009 (Kim, J.Y. & 
Kwon, 2009) and evaluating the impact of garlic intake on the risk of different forms of 
cancer. The study consisted in a critical systematic review of the publications appearing in 
Medline and EMBASE databases in the period 1955-2007 and matching some selected 
keywords. The criterion adopted for the selection of the studies to be considered as relevant 
was the satisfaction of the US Food and Drug Administration’s evidence-based review 
system for scientific evaluation of health claim (http://www.fda.gov/Food/Guidance 
ComplianceRegulatoryInformation/GuidanceDocuments/FoodLabelingNutrition/ ucm073 
332.htm). The conclusions pointed out the lack of evidence that may support an actual 
chemopreventive effect of garlic. Other critical reviews of epidemiological studies remark 
moderate evidence (Fleischauer & Arab, 2001). Overall, these investigations highlight all the 
limits frequently affecting epidemiological studies. Most of all, the bias due to the interview 
system frequently adopted to screen the population, which does not provide rigorous 
information about the actual amount of product/s intaken; the deep heterogeneity in the 
form of administration/consumption of the vegetable of interest (as food or as supplement; 
if as food, cooked or raw or in form of extract). Therefore, these contradictory analyses 
prompt to select further diversified approaches to validate the anti-cancer effects of Allium 
species. 


4.1.2 Experimental studies 


In this view, an important point is the in vivo experimental investigation of the effects of Allium 
vegetables. Mainly based on murine models, similar studies permit to gain detailed insights. 
First of all, it is possible to select and test specific purified compounds deriving from the Allium 
species and by this way to identify the most active natural occurring compounds. Second, we 
have at our disposal several in vivo models to mimic tumor progression or to evaluate the 
therapeutic impact on different transplanted cancers. Their exploitation is a fundamental part 
in the assessment of the mechanisms implicated in the anti-cancer effects and in the 
establishment of the efficaciousness of new anti-cancer agents as well. 
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Many lines of evidence show an ability of garlic extracts to prevent pre-neoplastic lesions of 
the gastrointestinal tract. Azoxymethane is a carcinogenic agent that induces the 
development of precancerous lesions in the colon consisting of aberrant crypt foci (ACF). 
The regular administration of garlic extracts to rats exposed to this tumor promoter is able 
to reduce the size and the number of ACF (Sengupta et al., 2003, 2004b). The 
chemopreventive effects are associated with an attenuation of early pre-neoplastic events 
(i.e., the expression of cyclooxygenase 2 (Sengupta et al., 2004a); and a reduction in lipid 
peroxidation (Sengupta et al., 2003). Moreover, the histological analysis suggested the 
triggering of apoptosis (Sengupta et al., 2004b). Similar evidence has been accumulated in 
experimental in vivo models of oropharyngeal, gastric and skin carcinogenesis (Arora & 
Shukla, 2002; Balasenthil et al., 2002; Bhuvaneswari et al., 2004; Kalra et al., 2006; Prasad et 
al., 2008; Tanaka et al., 2004; Velmurugan et al., 2005). Garlic extracts or purified OSCs 
generally lead to the expression of markers of apoptosis and the reduction of the pre- 
neoplastic lesions. A similar pattern of modulations has been frequently reconfirmed in the 
instance of xenograft mice models of hepatocellular carcinoma (Zhang, Z.M. et al., 2007) and 
refractory forms of prostate cancer (Howard et al., 2008; Singh et al., 2008). 


4.2 Therapeutic implications 


Garlic extracts and isolated OSCs manifest a direct cytocidal activity. This point will be 
discussed in further detail in section 5.5. Here, we focus our attention on the chemoadjuvant 
properties of Allium derivatives. Preclinical studies have demonstrated the ability of garlic 
to modulate carcinogen metabolism, suggesting that its consumption could also influence 
drug intake. Interactions between garlic and drugs have been well described such as in the 
case of AIDS medication (e.g. interaction with saquinavir and darunavir metabolism) 
(Borrelli et al, 2007). Some pieces of evidence underline the ability of OSCs to 
chemosensitize cancer cells to chemotherapeutic treatment by modulation of cytochrome 
P450 isoforms. This, in turn, affects the pharmacokinetics of the corresponding drugs (see 
sections 6). Allium derived compounds have been reported to counteract the nuclear factor 
KB (NF-kB), which is frequently implicated in the resistance of cancer cells to 
chemotherapeutics. The modulation of both cellular targets may be implicated in the 
chemosensitization to the same treatment. Studies on docetaxel, a chemotherapeutic 
administrated to patients affected by hormonal or colon cancers, show that both 
mechanisms may be implicated in the ability of OSCs to modulate its activity (Ban et al., 
2009; Cox et al., 2006; Howard et al., 2008). Cox et al., however, have shown that co- 
administration of garlic and docetaxel did not significantly affect the drug disposition in 
breast cancer patients but a reduction of its clearance in specific cases cannot be excluded 
(Cox et al., 2006). Besides, two studies have shown that powder and AGE feeding to rats 
was able to prevent nephrotoxic and cardiotoxic side effects of both cisplatin and 
doxorubicin, two chemotherapeutic agents successfully used in cancer therapy (Alkreathy et 
al., 2010; Razo-Rodriguez et al., 2008). However, further investigations are needed to 
evaluate the actual potential interaction between garlic and chemotherapeutic agents. In 
addition, data suggested that immune-enhancing activity of garlic could take part in its anti- 
tumor effect. Indeed, garlic, and especially AGE, presented similar effectiveness to 
immunotherapy with bacillus Calmette-Guérin in transplanted bladder tumor mice. Garlic 
is able to promote the Thl immune response by stimulating proliferation and tumor site 
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infiltration of macrophages and lymphocytes, increasing natural killers activity and 
enhancing the release of cytokines (e.g., IL-2, TNF-a, INF-y) (Lamm & Riggs, 2001). 


5. Mechanisms of chemopreventive/-therapeutic activities of Allium-derived 
OSCs 


5.1 Modulation of detoxification of xenobiotics 
5.1.1 Modulation of the metabolism of carcinogens 


The effectiveness of a chemopreventive compound can be evaluated by its ability to 
interfere with different stages of carcinogenesis: initiation, promotion and progression 
(Surh, 2003). It was found that garlic and some of its constituents prevent tumor initiation by 
inhibiting the activation of pro-carcinogens and by stimulating their elimination (for recent 
reviews, see (Herman-Antosiewicz et al., 2007a; Iciek et al., 2009; Melino et al., 2011)). 
Indeed, the metabolizing-process of carcinogens comprises two phases: bioactivation and 
detoxification. The pro-carcinogens are activated by phase I enzymes through different 
types of reactions such as oxidation, hydroxylation, hydrolysis, cyclization. These reactions 
are generally catalyzed by the superfamily of cytochrome P450-dependent monooxygenases 
(CYP450). In the second step, the reactive carcinogens obtained are inactivated by phase II 
enzymes (e.g., glutathione S-transferases, glutathione peroxidases, UDP-glucuronyl] 
transferases, quinone reductases). These detoxication reactions require the conjugation with 
endogenous substrates (e.g. glucuronic acid, glutathione, sulfate) to enable the excretion of 
inactive products (Sheweita & Tilmisany, 2003). 


Several studies have contributed to elucidate the mechanisms by which garlic prevents 
chemical-induced cancer in animal models. Opposite effects have been reported on the 
modulation of CYP450 family members, both up- and downregulation depending on the 
isoenzymes. CYP450 2E1, which is responsible for the activation of small polar molecules 
such as acetaminophens, benzene and nitrosamines, is the isoenzyme most frequently 
reported to be induced by garlic. For example, dietary intake of garlic oil or powder leads to 
the inhibition of the hepatic microsomal CYP450 2E1 activity in mouse and rat, respectively 
(Park et al., 2002; Zeng et al., 2009). Moreover, garlic constituents, especially DAS and 
allylmethylsulfide (AMS), are effective in reducing the hepatic CYP450 2E1 protein level and 
activity (Davenport & Wargovich, 2005; Wargovich, 2006). Brady et al. have investigated the 
mechanisms of action of DAS and showed that this compound could directly act as a 
competitive inhibitor of CYP450 2E1 enzyme (Brady et al., 1988). Moreover, DAS could act 
indirectly through the formation of the oxidized products, diallylsulfoxide (DASO) and 
subsequently diallylsulfone (DASO2), by CYP450 2E1 itself leading to the autocatalytic 
destruction of the enzyme (Brady et al., 1991; Jin & Baillie, 1997). Other CYP450 isoenzymes 
were modulated after garlic treatment. As example, DADS and DATS increased the transcript 
and the protein levels of CYP450 1A1/2, 2B1 and 2E1 in rats (Wu, C.C. et al., 2002). Other 
CYP450 isoenzymes seem to be implicated such as CYP450 2B1/2, 2B6, 2B10 and 3A11 
(Davenport & Wargovich, 2005). Indeed, DAS is able to activate the constitutive androstane 
receptor (CAR), which is known to regulate the expression of those ones (Fisher et al., 2007; 
Sueyoshi et al., 2011). A consisting body of evidence was obtained through animal survey 
model but recently Ho et al. have confirmed the inhibitory effect of garlic on CYP450- 
metabolism in Fa2N-4 human hepatocytes. Exposure to garlic extract reduced the expression 
and the activity of CYP450 2C9 but exerted no effect on CYP450 3A4 (Ho et al., 2010). 
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The induction of phase II enzymes of the carcinogen metabolism by garlic was clearly 
described. Especially, many studies have reported that garlic treatment enhanced 
glutathione S-transferase (GSTs) activities. GSTs are important detoxifying enzymes, which 
stimulate the clearance of reactive compounds by conjugation with GSH. The group of 
Singh has shown that the chemopreventive effect of DADS, against benzo[a]pyrene-induced 
forestomach cancer in mice, was mainly mediated through the induction of the pi class 
mGSTP1-1 in liver and forestomach (Bose et al., 2002; Hu et al., 1996). However, different 
isoenzyme profiles could be obtained according to the target tissue considered. Thus, DADS 
administration can also upregulate the alpha and mu (mGSTM1, mGSTM4) classes in 
stomach and small intestine of mice fed with this compound whereas liver and colon GSTs 
were modulated to a lesser extent (Andorfer et al., 2004). More recently, Tsai and colleagues 
have shown that the induction of GSTPs at mRNA and protein levels in Clone 9 cells treated 
by DADS or DATS was dependent on JNK-AP-1 and ERK-AP-1 signaling pathways (Tsai et 
al., 2007; Tsai et al., 2005). In addition to GSTs upregulation, a study performed by Fukao et 
al. has shown that intraperitoneal administration of DADS and DATS in rats led to an 
increase of hepatic quinone reductase activity (Fukao et al., 2004). In 2004, Chen and 
coworkers have suggested that the activation of the antioxidant response element (ARE) and 
the increased level of the transcription nuclear E2-related factor 2 (Nrf2) were correlated 
with the induction of the detoxifying enzymes NAD(P)H :quinone oxidoreductase 1 (NQO1) 
and heme oxygenase 1 (HO1) in human hepatoma HepG2 cells treated with DAS, DADS or 
DATS (Chen, C. et al., 2004). The implication of Nrf2 in garlic chemopreventive effects has 
recently been confirmed (Fisher et al., 2007). 


Finally, data concerning the modulation of phase II enzymes such as GSH peroxidase (GPX), 
superoxide dismutase (SOD), catalase, N-acetyltransferase are more disputed. For example, 
Singh et al. have reported that DATS induces GPX activity in the lung of A/J mice (Singh et 
al., 1997). Conversely, Chen et al. failed to show that DADS treatment modulates GPX or 
SOD activities (Chen, L. et al., 1999). 


5.1.2 Modulation of the efflux of carcinogens 


In addition to the modulation of carcinogen metabolism, OSCs can also influence the 
activity of transporters such as P-glycoprotein (P-gp), which allow the efflux of xenobiotics 
from the cells. This activity is particularly interesting to improve the cancer response to 
chemotherapies in the case of multidrug resistance phenotypes. Indeed, the treatment of 
leukemia K562 cells resistant to vinblastine (K562R) with a non-cytotoxic dose of DAS 
enhanced the cytotoxic activity of vinblastine as well as other Vinca alkaloids. The authors 
showed that DAS reduced the protein level of P-gp in K562R cells at a level comparable to 
non-resistant K562 (Arora et al., 2004). Such beneficial effect was also described for ajoene 
which improves the chemotherapy-induced apoptosis of cytarabine and fludarabine in 
human acute myeloid leukemia cells (Hassan, 2004). 


5.2 Cell cycle arrest 


One fundamental feature of carcinogenesis is the uncontrolled proliferation of tumor cells. 
Under physiological conditions, cell cycle regulation involves sophisticated control systems to 
ensure the precise sequence of the different phases and to obtain two identical daughter cells 
(Vermeulen et al., 2003). Cell cycle progression occurs mainly by the sequential action of 


www.intechopen.com 


Naturally Occurring Organic Sulfur Compounds: 
An Example of a Multitasking Class of Phytochemicals in Anti-Cancer Research 13 


cyclin-dependent kinases (Cdks). Cdks are positively regulated by interaction with their 
regulatory subunits cyclins. On the contrary, association with specific inhibitors (e.g., p21, p27, 
p57) negatively regulates their activities. Moreover, phosphorylation-dephosphorylation 
events are implicated. Thus, cell division cycle 25 (CDC25) phosphatases act as negative 
regulators by phosphorylating specific tyrosine and threonine residues on Cdks. 


Cell cycle arrest is triggered in response to cellular stress such as DNA damage or MT 
network alterations through the activation of the cell cycle checkpoints (Sancar et al., 2004). 
The G1/S checkpoint prevents the replication of damaged DNA whereas in G2/M it avoids 
the cell to trigger mitosis until the replication is correctly achieved. The activation of these 
checkpoints involves several signaling pathways such as p53, p38 MAPK, ataxia 
telangiectasia mutated (ATM)/ATM and Rad3-related (ATR) and checkpoint kinase 
(Chk)1/2. 


Many studies have reported antiproliferative effects of garlic and OSCs in various cancer 
cell models, generally through the induction of cell cycle arrest in G2/M phase. In 
particular, detailed studies have been done on neuroblastoma (SH-SY5Y), prostate (PC-3, 
DU145) and colon (SW480) cancer cells (for a recent review see (Scherer et al., 2009)). The 
group of Milner was one of the first to highlight the importance of the modulation of Cdk1 
activity in OSCs-induced cell cycle arrest. They have shown that DADS treatment of human 
colon HCT-115 cells led to G2/M phase arrest by suppressing Cdk1 activity (Knowles & 
Milner, 1998). DADS increased the expression of cyclin B1 but reduced the formation of the 
active cyclin B1/Cdkl complex. The authors also reported the presence of inactive 
hyperphosphorylation of Cdk1, which seems to be related to the downregulation of 
CDC25C phosphatase (Knowles & Milner, 2000). Singh’s team has extensively studied the 
molecular mechanisms involved the inhibition of CDC25C activity. On one hand, they have 
demonstrated that this inactivation was dependent on the phosphorylation of the serine 
residue 5216 CDC25C, which is recognized as a binding site for the cytoplasmic protein 14- 
3-3 (Xiao et al., 2005). The activation of ATM/ATR and p38 MAPK signaling pathways, 
leading to Chk1 activation, were clearly involved in this process (Herman-Antosiewicz & 
Singh, 2005; Xiao et al., 2009b; Yuan et al., 2004). Indeed, Chk1 or ATR protein knockdown 
markedly attenuated the DATS-induced cell cycle arrest features in PC3 cells (Herman- 
Antosiewicz et al., 2007b). However, no clear evidence was provided about the importance 
of p53 status in ATM/ATR and Chk1/2 signaling pathway activation (Jo et al., 2008; Wang, 
H.C. et al., 2010a; Xiao et al., 2009b). On the other hand, Xiao and colleagues have reported a 
ROS-dependent destruction of CDC25C, which occurred independently of its 
phosphorylation. Implication of ROS generation, such as superoxide (O2°-) and hydrogen 
peroxide (H202), was confirmed by pretreatment in the presence of the antioxidant NAC, 
which significantly reduced the oxidation and the degradation of CDC25C in DU145 cells 
treated with DATS (Xiao et al., 2005). However, a recent study of the same group challenged 
the role played by CDC25C in the antiproliferative effect of DATS. Indeed, ectopic 
expression of CDC25C or the presence of its redox-insensitive mutant in DU145 cells failed 
to confer protection against DATS-induced G2/M phase arrest. This effect seems to be 
mainly related to differential kinetics of nuclear translocation between Cdk1 and cyclin B1 
(Herman-Antosiewicz et al., 2010). Finally, a recent report suggested that both diallyl- and 
dipropyltetrasulfides (DPTTS) could act as irreversible inhibitors of CDC25C (ICs about 
luM) (Viry et al., 2011). 
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Other mechanisms of action involved in OSCs-mediated cell cycle arrest have also been 
identified. In particular, Hosono et al. have demonstrated, through the use of an in vitro cell- 
free model, that DATS inhibited tubulin polymerization. Mass spectrometry analysis has 
demonstrated that DATS induced the oxidation of two cysteine residues in the B-tubulin 
(C12 and C354) (Hosono et al., 2005). These results were confirmed in another study by the 
use of reducing agent (2-mercaptoethanol and dithiothreitol), which abolished the MT- 
disrupting activity of allicin (Prager-Khoutorsky et al., 2007). In addition, it was also 
reported that OSCs could modulate the transcription of important regulators of the cell 
cycle. As example, the DADS-induced G2/M phase arrest of colon cancer Caco-2 and HT-29 
cells was associated with the upregulation of p21, which appeared to be closely dependent 
on the acetylation status of its promoter (see section 5.4) (Druesne et al., 2004). Figure 2 
summarizes the modulatory effects of OSCs on cell cycle. 
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Fig. 2. Schematic overview of cellular targets of OSCs implicated in cell cycle arrest. 


5.3 Redox modulation 
5.3.1 Antioxidant activity 


Cellular damage by oxidation of macromolecules such as DNA, proteins or membrane lipids 
is an important process during early carcinogenesis (Borrelli et al., 2007; Valko et al., 2006). 
Antioxidant activities of phytochemicals that counteract ROS or free radicals are therefore 
highly desirable for potential anti-cancer compounds. Some OSCs derived from Allium have 
been reported to possess an antioxidant activity (Borek, 2001). Due to their sulfur atoms, 
which can appear in up to ten different oxidation states (-2 to +6), these compounds can 
undergo redox-reactions (Cerella et al., 2009). Nishimura et al. reported that Allium-derived 
organic sulfides and sulfoxides form in vivo sulfoxides and sulfones, respectively, by 
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scavenging free hydroxyl (eOH) or eOOH radicals (Nishimura et al., 2000). Rabinkov and 
colleagues clearly demonstrated the radical scavenging ability of alliin and allicin by using 
the in vitro Fenton oxygen-radical generating system, in which the amount of eOH radicals, 
measured with the spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO), was significantly 
reduced in response to both OSCs (Rabinkov et al., 1998). Alliin was described as stronger 
superoxide scavenger than allylcysteine or allyldisulfide (Okada et al., 2005). By direct ESR 
detection Okada et al. provided evidence that allicin is a potent scavenger of peroxyl 
radicals (Okada et al., 2005). Structure-activity studies of the same authors revealed that the 
-S(O)S- group in combination with an allyl group is particularly important for the 
antioxidant activity of thiosulfinates (Okada et al., 2005). Several studies performed on 
bovine pulmonary artery endothelial cells revealed that AGE and SAC inhibited O2°- and 
H20; formation as well as H2O2-induced lipid peroxidation (Yamasaki & Lau, 1997) (Wei Z., 
1998). Particularly for the stable water-soluble sulfur species SAC and SAMC remarkable 
antioxidant properties are well documented. Thus, Imai et al. who investigated the 
antioxidant effects of AGE, a formulation especially enriched in both SAC and SAMC, 
provided evidence that these OSCs possess extraordinary radical scavenging activity (Imai 
et al., 1994). Counteracting ROS accumulation could also explain the beneficial effects of 
garlic in diseases different from cancer, in which ROS play a major role, for example 
cardiovascular and inflammatory diseases. In this respect, aqueous garlic extract, AGE and 
SAC are effective in the prevention of copper-induced LDL oxidation, a process implicated 
in the pathogenesis of atherosclerosis (Amagase et al., 2001; Galeone et al., 2006). AGE also 
protects rat liver microsomes from thiobarbituric acid-reactive substances (TBARS) 
formation (Horie et al., 1989). Other garlic-derived compounds, including lipophilic 
polysulfides and dithiins have also shown to act as antioxidants (Amagase et al., 2001), e.g. 
by preventing LOOH formation on human LDL (Nishimura et al., 2004). Nishimura et al. 
identified 3,4-dihydro-3-vinyl-1,2-dithiin as the compound with the most efficient 
antioxidant activity on human LDL at physiological concentration (Nishimura et al., 2004). 
Another strategy used by OSCs is the increase in the cellular antioxidant defense by 
upregulating/activating phase II detoxification enzymes (see Section 5.1.1) as well as 
alteration of the GSH redox cycle have been demonstrated in response to AGE and SAC 
(Geng, 1997). Oxidative stress is also linked to inflammation, while the latter is associated 
with carcinogenesis (Bartsch & Nair, 2006; Borrelli et al., 2007; Kundu & Surh, 2008). ROS 
are known to activate the NF-«B signalling pathway thereby causing aberrant expression of 
target genes, including pro-inflammatory cytokines and chemokines that are involved in 
tumorigenesis (Balkwill & Mantovani, 2001; Karin & Greten, 2005). Blocking of this pathway 
therefore plays a role in the antioxidant defense. Indeed, SAC was efficient in preventing 
NF-«B activation induced by both, tumor necrosis factor alpha and H2O2 in human T 
lymphocytes (Geng, 1997). DADS acts on the NF-«B pathway by blocking activation and 
nuclear translocation of p65 and p50 (Pratheeshkumar et al., 2010). 


On the other hand, there are some publications reporting a pro-oxidant activity of 
diallylsulfides and ajoene. These studies suggested that polysulfide/ajoene-induced 
apoptotic cell death is caused by ROS accumulation and peroxide production (Aquilano et 
al., 2010; Charlier et al., 2010; Dirsch et al., 1998; Wang, H.C. et al., 2010a). DADS, DATS and 
DATTS and to a lesser extent the corresponding propylsulfides have been identified as 
hemolytic agents, as they induce oxidative damage in erythrocytes by the formation of H202 
in the presence of GSH and haemoglobin (Munday et al., 2003). 
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5.3.2 Interaction with metalloproteins 


Metalloproteins are indispensable for cells to achieve cancer prevention. Matrix 
metalloproteinases for example counteract carcinogenic processes like metastasis or 
angiogenesis by ensuring the consistency of the extracellular matrix, but may facilitate 
tumor invasion if overexpressed (Brew et al., 2000; Gomez et al., 1997; Luttun et al., 2000). 
Members of other metalloprotein classes including the cytochrome P450 family or proteins 
are involved in iron or drug/xenobiotic metabolism and activation of carcinogens 
(Sheweita, 2000; Shimada, 2006). The ability of garlic-derived OSCs to form complexes with 
metal ions might result in the inactivation of metallo-enzymes and therefore represents an 
important anti-cancer strategy of OSCs. Thiolates for example are exceptional ligands for 
various metal ions. Even if an experimental proof for direct binding of OSCs to metal ions is 
still missing, polysulfides are able to coordinate with several sulfur atoms at once and thus 
are likely to form metal complexes (Munchberg et al., 2007). In this respect, different OSCs 
are known to alter the activity of members of the cytochrome P450 family (see Section 5.1.1). 


A family of zinc-dependent endopeptidases, named matrix metalloproteinases (MMPs) 
according to their primary function (Kessenbrock et al., 2010; Nagase & Woessner, 1999), is 
also affected by some garlic-derived OSCs (Ho et al., 2010; Meyer et al., 2004; Peng et al., 
2010; Polette & Birembaut, 1998). Often, high expression levels of MMPs are detected in 
cancer cells, which further increase during tumor progression (Chambers & Matrisian, 
1997). Such an imbalance, particularly of MMP9 (Egeblad & Werb, 2002) and MMP2 activity, 
is associated with cancer cell invasion and metastasis (Ahmed & Mohammed, 2011; 
Ellerbroek & Stack, 1999; Peng et al., 2010; Polette & Birembaut, 1998). MMPs therefore 
represent a crucial target in anti-cancer treatment. Meyer et al. found that DADS decreased 
MMP2 activity in a dose-dependent manner in HUVEC cells (Meyer et al., 2004). AM and 
SAC did not show any effect. DADS affected in addition MMP9 activity, whereas MMP1 
and MMP3 activity/secretion were not altered by any of the OSCs. These results are in line 
with a study of Shin et al. who found DADS suppressing MMP2 and MMP9 in a time- 
dependent manner in prostate LNCaP cancer cells (Ho et al., 2010). As already mentioned 
above it has been speculated that perthiols arising from polysulfides might contribute to the 
biological activity of the latter. Similar to thiols, RSxH species serve as good ligands for zinc, 
copper, iron or other metal ions (Munchberg et al., 2007). Based on their low pK, values, 
RSxH species are expected to strongly bind free or protein-bound metal ions (Munchberg et 
al., 2007). Instead of binding directly to the active site metal ion (Schneider, T. et al., 2011a), 
they might also form low molecular weight complexes in the cytosol. Due to these 
disturbances of metal homeostasis the pool of free (i.e. unbound) metal ions is diminished 
and impairs de novo synthesis of functioning metalloproteins (Munchberg et al., 2007). As 
free adventitious transition metal ions are also involved in oxidative stress (Bush, 2000), the 
OSC-induced reduction of the cytosolic metal ion pool contributes to the antioxidant effect 
of these sulfur compounds. 


5.4 Modulation of histone acetylation 


Recent studies have suggested the modulation of histone acetylation as one of the 
mechanisms involved in the anti-cancer activity of garlic (Druesne-Pecollo & Latino-Martel, 
2011). In eukaryotic cells, histones are proteins responsible for the DNA condensation and 
thus play an important role in the regulation of gene expression. Histones are subjected to 
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post-translational modifications, including acetylation, which is a reversible process 
occurring on lysine residues in the N-terminal domain of the protein. In cancer cells, various 
genes are abnormally expressed due to epigenetic modifications of the chromatin, leading to 
the tumor phenotype. Controlling chromatin remodeling and gene expression is a relevant 
strategy for anti-cancer drug development (Espino et al., 2005). Few studies have described 
the ability of OSCs to increase histone acetylation. Lea et al. reported for the first time the 
increased acetylation of histones H3 and H4 in mouse erythroleukemia DS19 and human 
leukemia K562 after treatment with DADS and AM (Lea et al., 1999). Then, the same group 
has confirmed those effects in vivo as histone acetylation was induced in liver and Morris 
hepatoma 7777 in rats treated with DADS and AM (Lea & Randolph, 2001). Data suggested 
a direct link between histone hyperacetylation and the antiproliferative activity of some 
garlic components. First, increased histone acetylation was obtained for concentrations 
similar to those used to inhibit cell proliferation of DS19, human colon cancer Caco-2 cells 
and human breast cancer T47D cells (uM range for allicin and SAMC, mM range for 
allylphenylsulfone and SAC) (Lea et al., 2002). In this study, the authors failed to 
characterize the mechanism involved as no inhibitory effect was observed on histone 
deacetylase (HDAC) activity, enzymes which repress the histone acetylation. Conversely, 
Druesne et al. confirmed the ability of DADS and AM to inhibit HDAC activity in a cell-free 
assay (29 % and 92 % of HDAC inhibition in presence of 200 mM of each compound, 
respectively) (Druesne et al., 2004). Recently, in vitro assay and molecular modeling have led 
to the identification of AM as the most potent competitive inhibitor of HDAC (Ki=24 OM for 
HDAC8). HDAC inhibition appeared to be responsible for the hyperacetylation of the p21 
gene promoter (Nian et al., 2009; Nian et al., 2008). 


Another important consideration is the chemopreventive activity of chromatin remodeling 
molecules. Indeed, it has been shown in vivo that DADS administration to rat effectively 
induced acetylation of histones H3 and H4 in non-tumor colonocytes. Results from 
microarray analysis indicated that DADS was able to modulate the expression of 49 genes 
(24 h after the end of DADS perfusion), mostly implicated in cell cycle regulation, DNA 
repair, cellular adhesion (Druesne-Pecollo et al., 2007). These results suggest a potential link 
between the modulation of gene expression, through histone hyperacetylation, and the 
chemopreventive activity of OSCs. Further investigations are needed to determine whether 
garlic components could be effective in histone acetylation, and thus in cancer prevention, at 
doses achievable in human diet. 


5.5 Induction of apoptosis 
5.5.1 Activation of the mitochondrial apoptotic pathway 


A number of studies document the ability of OSCs to induce apoptosis. Apoptosis is an 
active form of cell death by which cells organize their self-elimination. It may be part of a 
programmed physiological event, including tissue remodeling and turn over; besides, 
irreversibly damaged cells following stress activate this mechanism. The apoptotic program 
is accomplished by the triggering different cascades of biochemical events. Two main 
intracellular routes take place (Coppola & Ghibelli, 2000). The intrinsic or mitochondrial 
pathway typically starts as a consequence of cellular damage. It requires the crucial 
involvement of pro- and anti-apoptotic members of the B-cell lymphoma (Bcl-2) family, 
which control the permeabilization of the outer mitochondrial membrane. The resulting 
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release of cytochrome c (and other additional factors) into the cytoplasm promotes caspase 
cleavage/activation, whose most upstream implicated member is caspase-9. The extrinsic or 
physiological pathway is mediated by the stimulation of specific death receptors on the 
plasma membrane. Once stimulated by their ligands, they unleash an ordered intracellular 
multi-step signaling, which includes the formation of the cell death domain and the 
activation/ cleavage of caspase-8. The two pathways are interconnected. 


The activation of the extrinsic or the intrinsic apoptotic pathways is the target of most 
chemotherapeutic agents. OSCs derived from Allium species induce apoptosis by activating 
the intrinsic apoptotic pathway. The release of cytochrome c from mitochondria, the 
decreased level of the anti-apoptotic protein Bcl-2 and the activation of caspase 9/3 are 
common hallmarks (Cerella et al., 2011; Scherer et al., 2009). The findings concern very 
heterogeneous cancer cell models, ranging from adherent (e.g., prostate, lung, colon, breast, 
cervical and thyroid) to non-adherent (e.g., various leukemia and lymphomas) cancer cell 
lines. 


A large body of evidence shows a strong correlation between the number of sulfur atoms 
and the apoptogenic potential manifested by OSCs (see Section 3.1). Less defined, instead, is 
the contribution of the length of the sulfur chain in the anti-cancer role played by OCSs. 
Studies comparing the effects of diallylpolysulfides deriving from garlic, which bring an 
unsatured (alkenyl) chain, with propylpolysulfides extracted from onion, which contain a 
saturated alkyl group, show marginal differences in their apoptogenic potential: generally, 
molecules containing the same number of sulfur atoms, show also a similar impact on 
different cancer cell models (Cerella et al., 2011). In contrast, Hosono and colleagues have 
provided evidence by using a colon cancer cellular model HT29 that the alkenyl group 
impacts intracellular targets (see also section below) much stronger than the corresponding 
compound with an alkyl group (Hosono et al., 2008). This result may lead in this cell system 
to a potential differential role also on apoptosis, which, however, was not yet investigated. 
Further studies are required to explain cell-type specific responses to OSC. 


5.5.2 Mechanisms implicated in G2/M arrest 


In all instances, apoptosis is preceded by alterations in the progression of the cell cycle, 
consisting in a G2/M arrest (section 5.2). The activation/up-regulation of the tumor 
suppressor p53 has been mentioned since very early studies on apoptosis as a crucial and 
very upstream event (Shen & White, 2001). The arrest in G2/M induced by OSCs may be 
compatible with an involvement of p53 to activate apoptosis. p53 expression has been 
effectively found upregulated in studies performed with garlic extracts (Hong et al., 2000) 
(De Martino et al., 2006), as well as in a number of investigations based on the use of 
purified sulfur compounds: DAS (Hong et al., 2000), DADS (Bottone et al., 2002; Hong et al., 
2000; Pratheeshkumar et al., 2010; Song et al., 2009), DATS (Malki et al., 2009) and SAMC 
(Lee, 2008). p53 upregulation, however, seems to be a dispensable event in the apoptogenic 
activity of OSCs, since the use of p53-mutated or deleted cancer cell models has clearly 
demonstrated that OSC-induced apoptosis similarly takes independently of wild-type p53 
(Busch et al., 2010; Lee, 2008; Xiao et al., 2009b). 


A more careful observation of the cellular morphology after OSCs treatment suggests an 
arrest of the cell cycle at early steps of mitosis and more precisely during the pro-metaphase. 
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Accordingly, the nuclear chromatin partially condenses and acquires a dotted pattern. The 
pattern of modulations that OCSs produce on cell cycle-related proteins confirms these 
conclusions. The accumulation of cyclin B1 correlates with the down-regulation of CDC25B 
and 25C, which control the phosphorylation status and the activation of cyclin-dependent 
kinase (Cdk1) (see section 5.2). Besides, treated cells present a high positivity to the 
phosphorylated form of histone H3, at the level of ser 10 (H3P) (Cerella et al., 2009; Herman- 
Antosiewicz & Singh, 2005). The degradation of cyclin B1 and H3P is an indispensable event 
to progress during mitosis into the anaphase. Therefore, their accumulation indicates that 
OSCs prevent the transition to this step and, by this way, may trigger the mitochondrial 
apoptotic pathway. 


5.5.3 Alterations induced by OSCs on the MT network as a causative event of 
apoptosis 


Arrest at early steps of mitosis may be the consequence of aberrations occurring during 
the DNA synthesis; alternatively, it occurs after alteration of the MT network. A few 
reports analyzed the potential of OSCs to cause DNA damage (Wang, H.C. et al., 2010a). 
In most instances, this is not an early event, but rather appearing tightly linked to the 
onset of apoptosis. Consequently, DNA damage is not generally considered as the 
causative event determining the OSC-induced apoptosis. A large body of evidence, 
conversely, indicates that OSCs induce strong alterations of MT re-arrangement (see 
figure 3 and section 3.2). This property is common to different natural occurring OSCs 
manifesting apoptogenic properties on the different cancer cell models (Aquilano et al., 
2010; Hosono et al., 2005; Li et al., 2002a; Prager-Khoutorsky et al., 2007; Xiao et al., 2005; 
Xiao et al., 2003). 


Despite the common observation that the MT network is affected by OSCs, there is no 
general consensus about the molecular events leading to these alterations. Canonically, 
stress-induced apoptosis has been always associated with early alterations in the cellular 
redox state (Coppola & Ghibelli, 2000). Changes in the intracellular GSH content and the 
generation of ROS are commonly assumed to act as crucial events in determining the 
commitment to intrinsic apoptosis. Previously published data already showed that a 
pretreatment with antioxidants, mainly with NAC, counteracts OSCs-induced apoptosis 
(Dirsch et al., 1998). Moreover, NAC prevents the G2/M arrest (Wu, X.J. et al., 2005). Similar 
results have provided the strongest evidence that the induction of apoptosis by OSCs 
effectively depends on the alterations of the cell cycle. Besides, the generation of ROS has 
been documented in some studies by the use of the fluorescent tool 2,7- 
dichlorodihydrofluorescein diacetate (H:DCFDA) upon incubation of the cells with DADS 
and DATS (Filomeni et al., 2003; Kim, Y.A. et al., 2007; Sriram et al., 2008). Consequently, 
ROS have been considered by a number of studies as the determining event for cell cycle 
arrest and apoptosis induced by OSCs. As previously discussed, agents such as NAC may 
counteract OSCs-dependent cell cycle alterations and, therefore apoptosis, simply by acting 
as donors of thiols and thus competing with the intracellular thiols for the interaction with 
OSCs. Several pieces of evidence support this model. First, the direct ability of NAC to 
prevent the OSCs-induced tubulin depolymerization (see section 3.2). Second, ROS 
production has not always been detected, even if apoptosis was induced (De Martino et al., 
2006). The debate, however, remains open for further discussion. The over-expression of the 
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enzyme SOD has been shown in the neuroblastoma SH-SY5Y cells to counteract apoptosis 
(Filomeni et al., 2003). Besides, pre-incubation of cells with catalase, which buffers H202 
production, counteracted apoptosis induced by DADS in the HL-60 leukemia cell line 
(Kwon et al., 2002) and in T24 human bladder cancer cells (Lu et al., 2004). Similarly, over- 
expression of catalase in the prostate cancer cell line DU145 protects against apoptosis 
induced by DATS (Xiao et al., 2004). A conceivable interpretation is that ROS species may be 
generated downstream of the formation of intracellular thiols after OSC treatment and play 
a determinant role depending on the cell-specific antioxidant reservoir. 


5.5.4 Modulation of Bcl-2 family members by OSCs 


OSCs modulate several proteins belonging to the Bcl-2 family. The anti-apoptotic Bcl-2 
protein has been described to be downregulated. This, in turn, increases Bcl-2-associated X 
protein (Bax)/Bcl-2 ratio, thus promoting apoptosis (Karmakar et al., 2007). The 
downregulation of Bcl-2 is more precisely the consequence of a protein cleavage. In our 
laboratory, we have shown that DATTS promotes Bcl-2 proteolysis (Cerella et al., 2009). This 
finding is in line with previous results collected with Z-ajoene (Li et al., 2002b) and DATS 
(Xiao et al., 2004). Bcl-2 cleavage is preceded by phosphorylation. Xiao and colleagues 
published that Bcl-2 phosphorylation occurs after treatment with DATS in human prostate 
cancer cells PC-3 and DU145 (Xiao et al., 2004). Similarly, the expression of the anti- 
apoptotic Bcl-xL protein is modulated by DADS in breast cancer cells (Nakagawa et al., 
2001); in line with these results, we have described that the downregulation of B-cell 
lymphoma-extra large (Bcl-xL) protein upon treatment with DATTS in human leukemia 
cells (Cerella et al., 2009). Specific Bcl-2 homology domain 3 (BH3)-only proteins seem to be 
modulated by OSCs by post-translational modification or by intracellular redistribution. 
Unphosphorylated Bcl-2-associated death promoter (Bad) sequesters Bcl-xL and Bcl-2 thus 
favoring Bax and Bcl-2 homologous antagonist killer (Bak) activation (Yang et al., 1995). 
Dephosphorylation of Bad has been documented after DATTS treatment (Cerella et al., 
2009). Besides, the translocation of Bad to the mitochondria occurs in prostate cancer cells 
upon treatment with DATS (Xiao & Singh, 2006). When breast cancer MDA-MB-435 cells 
were exposed to water-soluble extracts (Lund et al., 2005), expression level, phosphorylation 
and mitochondrial localization of different isoforms of the BH3-only protein BimEL were 
altered. Interestingly, BimEL in normal physiological conditions is anchored to (and 
sequestered by) the MT complex (Chen, D. & Zhou, 2004; Lund et al., 2005). This may 
provide interesting insights about how the MT network is disrupted and the subsequent 
activation of the mitochondrial pathway may be interconnected. 


The permeabilization of the outer mitochondrial membrane is an event controlled by the 
two pro-apoptotic family members, Bax and Bak, which orchestrate the formation of specific 
channels (Antignani & Youle, 2006). OSCs activate Bax and Bak (Cerella et al., 2009; Kim, 
Y.A. et al., 2007; Xiao et al., 2006a; Xiao et al., 2009a). Interestingly, time-course analyses 
have evidenced that Bak might be activated before Bax (Cerella et al., 2009). The activation 
of Bax fits the activation of caspases and the appearance of massive apoptosis (Cerella et al., 
2009), thus suggesting that its activation is crucial for the completion of the apoptotic 
program. In other instances, modifications in the levels of Bak and Bax have been detected, 
with Bak being affected much earlier than Bax (Kim, Y.A. et al., 2007). This evidence is in 
favor of non-redundant roles of Bax and Bak during OSCs-induced apoptosis. How Bax and 
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Bak may promote the formation of channels and the mitochondrial outer membrane 
permeabilization is still unknown. Similarly, differential roles played by Bax and Bak during 
apoptosis remain to be determined. Intriguingly, the chemotherapeutic agent vinblastine, 
which affects the MT network and induces mitotic arrest, also modulates Bak at early 
timepoints (Upreti et al., 2008). These results may suggest a specific interplay between Bak 
and Bax typically activated by tubulin-affecting agents. OSCs might conceivably represent 
an interesting tool to investigate and to clarify some aspects that belong to essential issues of 
apoptosis research. 
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Fig. 3. Mechanisms involved in the apoptogenic properties of OSCs 

The induction of apoptosis by OSCs occurs via a well-ordered set of events. The first target is 
the MT network whose modification leads to G2/M arrest of the cells in early mitosis. 
Kinases act as sensors of the stress occurring to MT. Once activated, they translate the stress 
signal to the Bcl-2 family proteins, by modulating anti-apoptotic and BH3-only proteins via 
phosphorylation. This impact on Bcl-2 modulatory proteins unleashes the pro-apoptotic Bak 
and Bax, which are now free to trigger the mitochondrial apoptotic pathway (modified from 
(Cerella et al., 2009). 


5.5.5 Involvement of kinases in OSCs-mediated apoptosis 


Different Bcl-2 family members are modulated by OSCs via protein phosphorylation. In 
addition, different kinases are activated upon treatment with several OSCs. The activation of 
c-Jun N-terminal kinase (JNK) appears as the most relevant for the apoptogenic potential of 
OSCs. JNK activation has been commonly reported upon DADS treatment in neuroblastoma 
SH-SY5Y (Filomeni et al., 2003) and breast cancer MCF-7 cells (Lei et al., 2008); in prostate 
PC-3 and DU145 cells in response to DATS (Xiao et al., 2004); by SAMC in colon cancer 
SW480 cells (Xiao et al., 2003). JNK activation is required for the apoptogenic activity of 
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OSCs, since the specific JNK inhibitor SP600125 is able to exert a protective effect (Wu, X.J. et 
al., 2009; Xiao et al., 2003). JNK activation and Bcl-2 phosphorylation are events that 
accompany changes in the MT dynamics (Mollinedo & Gajate, 2003). This suggests an 
intermediate role of JNK as a transducer of the stress produced by OSCs between the MT 
network and Bcl-2 (and possibly to other Bcl-2 family members). Alternatively, JNK 
activation has been explained as a consequence of ROS production, which in turn, may 
impair the ability of the JNK guardian GST to sequester and prevent the activation of the 
kinase (Filomeni et al., 2003). Further MAP kinases are activated by OSCs. Phosphorylation 
of extracellular signal-regulated kinase (ERK) has been frequently reported (Xiao et al., 
2004). Similarly, there is evidence of the activation of p38 mitogen-activated protein kinase 
(MAPK) (Das et al., 2007; Zhang, Y.W. et al., 2006) and Akt kinases (Wang, Y.B. et al., 2010b). 
The results, however, are not conclusive because their inhibition did not give univocal 
results. Figure 3 reports a model of interactions between kinases and the other factors/ 
events modulated during OSCs treatment. 


5.6 Inhibition of metastatic process and differentiation 


Metastasis is a major cause of death in cancer patients. Tumor invasion is a multistep 
process involving the detachment of cancer cells at the site of the primary tumor, the entry 
into the systemic circulation and the invasion of new tumor sites. These different steps 
require multiple molecular events including loss of adhesion and motility of cancer cells, 
and stimulating angiogenesis (which appears to be essential for cancer cell spread). First, 
several in vitro studies have reported that garlic extracts and some of its components are 
able to affect cancer cell motility and invasiveness. In 2002, Hu and coworkers published a 
first report showing that AGE suppressed rat sarcoma cell migration in vitro (Hu et al., 
2002). Referring to these results, the antimetastatic activity of purified OSCs (e.g., DADS, 
SAC) was investigated. Shin and colleagues demonstrated that DADS reduced the motility 
of the prostate LNCaP cancer cell model by increasing the tightness of the tight junctions 
and by reducing the activity, the mRNA and protein levels of MMP2 and 9 (Shin et al., 
2010). SAC also altered breast tumor MDA-MB-231 cell adhesion and invasion through the 
induction of adhesion protein E-cadherin expression and the decrease of MMP2 activity 
(Gapter et al., 2008). Recently, Lai et al. have reported that the inhibition of MMP2, 7 and 9 
in colo 2005 cells by DAS, DADS and DATS were mediated through the downregulation of 
phosphoinositide 3-kinase (PI3K), Rat sarcoma (RAS), MAP kinase kinase kinase (MEKK) 3, 
MAP kinase kinase (MKK7), ERK1/2, JNK1/2 and p38 MAPK (Lai et al., 2011). Moreover, 
suppression of angiogenesis, a process leading to the formation of new blood vessels from 
the pre-existing vascular network, has also been reported. This process is essential in cancer 
development as it takes part in primary tumor growth (i.e, provision of oxygen and 
nutrients) and in spreading to distant sites, leading to metastasis. Tumor cells are known to 
promote angiogenesis through the production of several growth factors, which stimulate 
endothelial cell proliferation and migration (for a recent review, see (Makrilia et al., 2009)). 
In 2006, studies have shown that AGE and DATS inhibited the proliferation and the 
migration of endothelial cells as well as the capillary-like tube formation in vitro (Matsuura 
et al., 2006; Xiao et al., 2006b). For example, Xiao et al. reported that DATS exerted its 
antiangiogenic activity through the inhibition of vascular endothelial growth factor (VEGF) 
secretion, the reduction of VEGF receptor 2 expression and the inactivation of Akt signaling 
pathway in human umbilical vein endothelial cells (HUVEC) (Xiao et al., 2006b). 
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In vivo studies have confirmed the evidence supporting the antimetastatic properties of 
garlic in vitro. Oral administration of SAMC to mice bearing prostate tumors reduced the 
number of pulmonary metastasis by 85% and completely abolished their presence in adrenal 
cells (Howard et al., 2007). In another study, Singh and coworkers have shown that oral 
administration of DATS to TRAMP mice decreased the development of pulmonary 
metastasis (about 50% compared with the control mice) without inhibiting angiogenic 
features at the tested dose (Singh et al., 2008). Despite the different evidence obtained in 
vitro, the molecular events implicated in the antimetastatic activity of OSCs remain to be 
clarified. 


Cancer cells are characterized by the loss of growth control mechanisms and thus remain in 
a less differentiated, immature state. One important therapy approach is therefore the 
induction of differentiation in order to restrain the cancer cell proliferation. In this respect, 
garlic oil was described to induce differentiation in human gastric cancer BGC-823 (Brew et 
al., 2000) and HL-60 promyelocytic leukemia cells (Seki et al., 2000). The ability to induce 
cancer cell differentiation could be linked to DADS and SAC. Studies on DADS found that 
upregulation of p21(WAF) and acetylated histones H3 and H4 is associated with the 
induction of differentiation in HL-60 cells (Ling et al., 2006) while in MGC803 gastric cancer 
cells alterations of the ERK1/2 signaling pathway are involved in this process (Chu et al., 
2006). Abnormal expression of cytokeratins (marker of epithelial cell differentiation), which 
is connected to malignant progression, was restored by SAC administration in hamster 
buccal pouch carcinogenesis in Syrian hamsters (Balasenthil et al., 2003). Other studies 
reported that SAC upregulated E-cadherin expression in MDA-MB-231 breast tumor and 
PCa prostate cancer cells (Chiang et al., 2006; Gapter et al., 2008). On the other hand, in 
former studies, no differentiation markers could be detected in neuroblastoma or melanoma 
cells upon SAC treatment (Takeyama et al., 1993; Welch et al., 1992). 


6. Bioavailability and pharmacokinetics of OSCs 


Little is known from preclinical and clinical studies about the bioavailability, the 
metabolism and the excretion of garlic ingredients after consumption. Guo and coworkers 
have reported that pure alliin is absorbed in vivo as it can be detected in stomach (7.2%), 
intestine (22.4%) and liver (2.5%) after oral administration to mice. In this study, neither 
allicin nor other degradation products, such as DAS, DADS, vinyldithiins, were found. This 
clearly indicates that alliin itself is never metabolized, in absence of alliinase, even by liver 
enzymes (Guo et al., 1990). Ex vivo experiments, on isolated perfused rat liver, have 
suggested that allicin is not a biologically active component of garlic. After infusion at low 
concentrations, allicin bound to liver epithelium, reached the hepatic first-pass and was 
rapidly metabolized into DADS and AM, both compounds detectable in hepatic tissue and 
bile; allicin instead was not found (Egen-Schwind et al., 1992b). Another study of the same 
authors confirmed that the metabolism of allicin occurred in liver as it was rapidly 
transformed in presence of liver homogenate (Egen-Schwind et al., 1992a). Experiments 
using intraperitoneal injection of [5°S]-labeled DADS in mice revealed that a maximum of 
radioactivity (70% of the total amount) was detected in the liver 90 min after administration. 
Actually, mostly [95S]-labeled sulfate (80% of the radioactivity of the liver) was detected 
suggesting that the metabolism of DADS occurs in this organ (Pushpendran et al., 1980). 
Germain and coworkers have reported that DADS was mainly transformed into AM, AMS, 
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allylmethylsulfoxide and allylmethylsulfone when orally administrated to rats (Germain et 
al., 2002). Pharmacokinectics of vinyldithiins have also been studied in animal models. Both 
2-vinyl-4H-1,3-dithiin and 3-vinyl-4H-1,2-dithiin were found in serum, kidney and fat tissue 
after oral administration to rats, whereas only 2-vinyl-4H-1,3-dithiin was found in liver. The 
latter was more rapidly eliminated probably due to its lower lipophilicity (Egen-Schwind et 
al., 1992a). Bioavailability of SAC, a main constituent of AGE, was more extensively studied 
in animal and human. SAC achieved the intestinal first-pass and occurred in plasma, liver 
and kidney. Its bioavailability was close to 100% when administrated to rat, mouse and dog. 
Interestingly, concentrations detected in blood correlated well with the doses of oral intake, 
suggesting SAC as a biological active component of garlic. Then, SAC was excreted in urine 
as N-acetylated metabolites, indicating a metabolizing-process mediated through N-acetyl 
transferases (Nagae et al., 1994). Comparable results have been obtained from clinical 
studies (Jandke & Spiteller, 1987; Rosen et al., 2001). 


7. Ongoing clinical trials 


At the moment, few clinical trials are ongoing (information available on 
www.clinicaltrials.gov). These studies aim at elucidating the bioavailability of garlic in 
humans and evaluating its benefits in chemoprevention and as supplement in cancer 
treatment. A study with healthy patients deals with the bioavailability of allicin from garlic 
supplements (powder) and garlic clove (raw, cooked, processed). Concerning the 
chemopreventive benefit of garlic consumption, some investigators are recruiting healthy 
volunteers to evaluate the way by which garlic reduces cancer risk (analysis of a panel of 
cancer biomarkers in control vs. treated groups). Finally, two studies are conducted to assess 
the potential benefits of co-administration of garlic and conventional chemotherapeutics in 
cancer patients. As example, we can cite a clinical trial studying how garlic intake affects 
docetaxel treatment in locally advanced or metastatic breast cancer patients. Another phase 
II study, gathering 45 patients with aggressive follicular lymphoma (stage III/IV), has been 
started to assess the ability of garlic extract to impact apoptosis and cancer cell proliferation. 


8. Conclusions 


A large body of evidence supports the anti-cancer potential of OSCs from Allium species. 
The huge amount of data is consistent with a future dual potential clinical application of 
selected compounds, in chemoprevention as well as in chemotherapy. The sulfur 
component is mostly responsible of their chemical properties. The fact that many enzymes 
and proteins are regulated by modifications occurring at the level of redox-sensitive cysteine 
residues accounts for their versatility and multitasking potential. So far a good part of the 
path in the elucidation of the mechanisms responsible for OSCs anti-cancer activities has 
been covered. 


Some important challenges need still to be faced. First, the impact of OSCs on cell cycle 
raises the question if purified agents from Allium species may be nevertheless toxic for not- 
malignant proliferating cells, at the concentrations tested in vitro. In this sense, indepth 
investigations confirming the differential effects of OSCs on cancer vs. healthy cells are 
absolutely required. Second, the fact that cancer of the digestive tract and prostate appear as 
the most sensitive ones to the chemopreventive effects of Allium vegetables intake may 
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reflect a problem of their stability. Tissues/organs, which are in inner connection with the 
digestive/urinary systems, are obviously exposed to higher concentrations of biologically 
active products deriving from the degradation/catabolism of any ingested food or 
supplements. This encourages any efforts aimed at increasing the stability of these 
compounds, hopefully without increasing also their toxicity. Finally, the conjugation of 
molecules specifically recognizing and binding to cancer cells together with the enzyme 
alliinase could generate high concentrations of alliin right at the tumor site and may 
represent an interesting attempt to overcome both limiting factors (Appel et al., 2011). 
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